Continuous inertial blood plasma separation is demonstrated in a contraction-expansion array microchannel with a low aspect ratio ͑AR͒. The separation cutoff value of the particle size can be controlled by modulation of the force balance between inertial lift and Dean drag forces. The modulation is achieved by changing the channel AR at contraction region, which causes the change in magnitudes of the inertial lift forces on the particles. The presented blood plasma separator provides a level of yield and throughput of 62.2% and 1.2 ml/ h͑ϳ1.0ϫ 10 8 cells/ min͒, respectively.
Blood contains a large amount of information related to the function of the whole body.
1 Analyses of blood is wide spreadly used in both clinical hematology and medical diagnostics, which take advantage of noninvasive method comparative to biopsy for cancer diagnostics. Separation of blood plasma is basically necessary for a general biochemical blood test without optically interference of blood cells and an analysis of microvesicles, such as exosomes playing a role in cancer. For the separation of blood plasma, centrifugation techniques are most common in current blood analysis applications, but these systems are bulky, expensive, and requiring maintenance and skilled operators.
Combining on-chip assay with a miniaturized blood plasma separation system would significantly enhance the above limitations of the centrifugation methods. As a consequence, various protocols for the miniaturization have been proposed in microfluidic devices for the separation of plasma from whole blood. Moorthy and Beebe 2 demonstrated filtration methods with a porous membrane allowing the filtration of the cells greater than pore size, but it became clogged with the cells into the pore and caused a decrease in filtration efficiency due to the dead-end filtration. The blood cell clogging into the pore can be substantially reduced by cross-flow filtration.
3-5 This method uses shear forces created by the cross-flow across the membrane to prevent the cells from getting stuck on the surface of the filter. However, it requires a quite complex and delicate fabrication process for the membrane integration on a chip or high resolution of pore size control. Away from the filtration method, the more continuous blood plasma separation methods have been presented by utilizing hydrodynamic forces at low flow rates, such as plasma skimming, 6, 7 Fahraeus effect, 8 and ZweifachFung effect. 9 From these approaches, the blood plasma separation has been demonstrated with relatively low flow rate ͑ϳ0.2 ml/ h͒ and low yield ͑ϳ20%͒. To improve the blood plasma separation efficiency with high flow rate, constriction and bifurcation design have been utilized with a flow rate of ϳ2 ml/ h. 10 However, the plasma yield is extremely low ͑ϳ5%͒, which causes limitations in analysis of serum microvesicles requiring a low loss of blood plasma during the separation process.
Recently, inertial microfluidic separation of particles is of great interest due to its performance of the large amount of samples with a milliliter-scale. 11 Various geometrical designs have been introduced in order to induce the inertial hydrodynamic forces on particles in straight, 12, 13 serpentine, 14,15 spiral, 16, 17 and multiorifice 18 microchannel. In our previous letter, we introduced an inertial particle separation using a contraction-expansion array ͑CEA͒ microchannel showing significant separation resolution by utilizing two forces with opposite direction: ͑1͒ inertial lift forces and ͑2͒ Dean drag forces, simplicity of one layer fabrication process and easiness of integration with other microfluidic components. 19 In the CEA microchannel, we demonstrated the particle separation and medium exchange with separation cutoff value of 6 -7 m diameter particles. Considering the size of red blood cells ͑RBCs, ϳ4 m͒, it is unsuitable to separate the RBCs with the blood plasma in the previous CEA microchannel design. In order to achieve the efficient separation of blood plasma, it is necessary to modulate the separation cutoff value of particles under 4 m in diameter.
In this letter, we describe a CEA microchannel with a low aspect ratio ͑AR͒ that modulates the separation cutoff value thereby enabling appreciable separation of the blood plasma with high flow rate and high yield. Figure 1͑a͒ shows the schematic of inertial migration of the particles in the CEA microchannel with a low AR. In the entrance of contraction regions, inertial fluids experience Dean flow, inducing Dean drag forces ͑F D ͒ acting on particles in the CEA microchannel. 20 In addition, flowing through the contraction region, the particles also have an influence by the inertial lift forces ͑F L ͒. 19 The balance between inertial lift and Dean drag forces determines the resulting direction and magnitude of the particle migration across the channel depending on the particle size. At a low AR ͑widthӷ height͒ of the contraction region, higher shear rate between the top and bottom of the channel is induced than between the left and right of the channel, which results in strong inertial lift forces that drive the particles toward the top and bottom of the channel wall. 12 As changing the channel AR, modulation of separation cutoff value can be achieved due to inertial lift force changed by high-shear rate being induced between the top and bottom channel wall. Figure 1͑b͒ shows the principle of inertial migration of the particles in the CEA microchannel with a different AR. The force balance between F L and F D is a determining factor for particles to occupy equilibrium position by inertial lift forces or entrain in Dean flow by Dean drag forces. At an AR of 1, the injected particles ͑red, RBCs model͒ and fluorescent dye ͑green, blood plasma model͒ influenced by dominant Dean drag force, thereby, migrating toward sidewall 2 ͑s2͒ ͑F L Ͻ F D ͒. However, at a low AR, the particles migrate toward the top and bottom of the microchannel due to high-shear induced inertial lift force and then entrain in Dean flow, thereby, migrating toward sidewall 1 ͑s1͒ ͑F L Ն F D ͒. Fluorescent dye still migrates toward s2 under the dominant Dean drag force being induced by Dean flow ͑F L Ͻ F D ͒. Using the change in channel AR of the contraction region, the direction and magnitude of migration of the particles can be modulated.
The CEA microchannel was fabricated in poly͑dimethyl-siloxane͒ using soft lithography techniques ͑see Ref. 21 , Experimental͒. The device was 350 m wide, with contraction regions of 50 m wide and 300 m long. The contraction regions were formed with six rectangular structures in the microchannel. The interval between contraction regions was 700 m. The heights of the CEA microchannel were fabricated with 20 and 50 m at each device for investigation of particle migration. We defined AR as the ratio of the channel height to width ͑AR= H / W, H: channel height, W: contraction channel width͒. The AR of the fabricated CEA device is 0.4 and 1, corresponding to channel height of 20 m and 50 m, respectively. Reynolds number ͑Re͒ is defined as: Re= UD h / , where is the fluid density, U is the x-axial velocity ͑as the total flow rate at the expansion region͒, D h is the hydraulic diameter defined as 2wh / w + h ͑w: expansion channel width, h: channel height͒, and is the viscosity. Particles and cells in the CEA microchannel were investigated through a fluorescence microscope ͑see Ref. 21 , Experimental͒. Figure 2 shows the lateral migration of the 4 and 10 m polystyrene particles and fluorescent dye at Re of 12.5. The 10 m particles were observed near to s1 due to occupying their equilibrium position by dominated inertial lift forces ͑F L Ͼ F D ͒ at AR of 0.4 and 1. However, the opposite direction of the 4 m particles migration was observed due to the modulation effect of the force balances, resulting in migration toward s1 and s2 at AR of 0.4 and 1, respectively. Even though strong streaks of particle trajectory were observed near to s1 for the 4 m particles at AR of 0.4, the other weak streaks were also observed near to channel center ͑see Ref. 21 , Fig. S1͒ . It means that the 4 m particles are influenced by superposition effect between strong inertial lift and Dean drag forces ͑F L Ն F D ͒. Induced high-shear rate between the top and bottom of the channel causes strong inertial lift forces acting on particle migrating toward the top and bottom of the channel wall. The 4 m particles migrate toward the top and bottom of the channel under the dominance of inertial lift force; and simultaneously entrain in Dean flow. From this mechanism, the most of 4 m particles migrate the top and bottom of the channel and then toward s1 by Dean flow directed to s1; and some particles which still located in the middle of the channel migrate toward s2 by Dean flow directed to s2. On the other hand, the lateral positions of fluo-FIG. 1. ͑Color online͒ CEA microchannel. ͑a͒ Schematic of the proposed CEA microchannel with a low AR for inertial size separation. The balance between inertial lift force ͑F L ͒ and Dean drag force ͑F D ͒ determines the resulting direction and magnitude of the particle migration across the channel depending on the particle size. ͑b͒ Principle of particle migration at an AR of 1 and low AR in the CEA microchannel. Each panel shows a crosssectional image in the three contraction regions of the CEA microchannel ͑s1: sidewall 1, s2: sidewall 2͒. In this CEA design, we can expect to separate blood plasma including platelets from whole blood.
The particle ͑with a diameter of a p ͒ focusing by influence of dominant inertial lift force is strongly dependent on the ratio of inertial force ͑a p / D h ͒. 15, 22 From the calculated a p / D h of 4 m particles, we also expect that the RBC separation from blood plasma is accomplished at the CEA device under 20 m height in the regime above Re of 12 ͑see Ref. 21 , Ratio of inertial force and Fig. S2͒ .
For the blood plasma separation, we designed the CEA device with 18 m height which connected with bifurcation outlet for separation and collection of the RBCs and blood plasma. In order to achieve high flow rate and high yield blood plasma separation, we introduced the whole blood and phosphate buffered saline ͑PBS͒ with a total flow rate of 13.2 mL/h ͑Re= ϳ 19.9͒. After passing through the CEA microchannel, most of RBCs dominated by inertial lift forces were wasted in the upper outlet and blood plasma dominated by Dean flow was substantially collected in the bottom outlet. RBC rejection ratio and yield of blood plasma separation was calculated with a level of 60% and 62.2%, respectively ͑Fig. 3͒. The collected blood plasma were substantially diluted by PBS focusing flow in the separation process. Even though the RBC rejection ratio was relatively low, it might increase after a second round of separation with collected blood plasma at the first round.
In conclusion, we have demonstrated a continuous blood plasma separation by using inertial microfluidics with a level of throughput of 1.2 ml/ h͑ϳ1.0ϫ 10 8 cells/ min͒ and high yield ͑62.2%͒. The CEA microchannel offers advantage, in that simple scaling of the channel AR allows the modulation of the force balance between the inertial lift and Dean drag forces, thereby controlling the particle migration. FIG. 3 . ͑a͒ Human whole blood was injected from upper inlet and PBS was simultaneously introduced from bottom inlet for focusing the injected blood cells. The injected blood was separated into RBCs and blood plasma throughout the CEA microchannel. ͑b͒ Microscope images of RBCs and ͑c͒ fluorescent microscope images of blood plasma were captured after the sixth contraction region. The hemacytometer images were obtained after 1/100 dilution of ͑d͒ injected whole blood from upper inlet and ͑e͒ collected blood plasma from bottom outlet.
